To examine the different motion tasks and the protocols used to objectively quantify dynamic stability in terms of knee kinematics at different stages of anterior cruciate ligament reconstruction (ACLR) recovery. Methods: A systematic search was done using OVID in Embase, Cochrane Central Register of Controlled Trials, Medline, PsychINFO, and AMED. A combination of the following keywords and their variations were used: anterior cruciate ligament, motion tasks (e.g., jump, hop, gait), and stability. The inclusion criteria were as follows: (1) ACLR subjects were recruited, (2) at least 1 motion task was performed and kinematics data were recorded, and (3) uninjured subjects or the contralateral uninjured limbs were included as a control group. Exclusion criteria were as follows: (1) non-English language publications, (2) retrospective studies and review articles, (3) animal studies, and (4) cadaveric studies. Results: The search returned 2,195 studies, and 56 were included in this review according to the criteria. A total of 1,086 ACLR subjects were included. Pivoting, landing, walking, running, stair negotiation, and squats were assessed using optoelectronic motion capture, electrogoniometry, or video-radiography. Conclusions: The appropriate selection of motion tasks is an integral factor in dynamic stability testing as it evokes different kinematic outcomes in relation to the different stages of ACLR recovery. Stair negotiation and landing tasks are best performed during the early stages of recovery, and landing and pivoting are recommended 6 months after ACLR surgery. Level of Evidence: Level II, systematic review of Level I and II studies.
T he anterior cruciate ligament (ACL) of the knee is one of the most commonly injured structures in athletes. 1 Individuals who wish to return to sports or high-demand physical activities are often recommended to undergo ACL reconstruction (ACLR) with the goal of restoring stability and knee function. 2 However, even with the current advances in ACLR techniques, some patients present with positive knee joint laxity test results. In addition, more than a third of those who receive surgery are unable to return to preinjury levels of activity despite normal clinical outcomes. 3 Reinjury rate after ACLR is also alarmingly high with studies reporting up to 19% in 6-to 11-year follow-up. 4 It is also important to note that subsequent injury to the ACL after reconstruction not only occurs in the affected knee but also to the contralateral knee with studies reporting up to 22% incidence within a 10-year follow-up period. 2 This implies that altered or abnormal biomechanics in individuals with ACL deficiency (ACLD) is not contained within the affected knee joint. Factors other than mechanical joint stability, or the static stabilizers, play a significant role. Clinical outcome measures have mainly focused on passive joint instability tests, such as the Lachman and anterior drawer tests, and subjective self-reported questionnaires, 5 which do not correlate well with functional outcomes or return to sport at follow-up. 6, 7 Recovery of mechanical stability does not ensure functional stability. 8 Outcome measures must therefore include other aspects of knee kinematics to properly predict recovery.
Dynamic joint stability is multifactorial and is influenced by several components including static structural integrity, 9 muscle strength, 10 neuromuscular adaptation and control, 11 joint proprioception, 12 compensatory strategies, 2 psychological factors such as apprehension or fear, 13 and movement anticipation.
14 Impairments in these components have been shown to exist several months or ever years after receiving ACLR. [15] [16] [17] Tests for these individual components have been used in studies with inconsistent results in terms of correlation to return to sport or function.
To comprehensively examine dynamic knee stability, motion tasks must be employed. Passive tests are insufficient because muscular contractions produce anterior-posterior gliding or rotation of the tibiofemoral joint that is not elicited without active movement. 18 Kinematic analysis during motion tasks has been used in healthy patients to assess for risk of injury. 19 The existing literature has also used this as an assessment tool to measure functional capacity in subjects after ACLR. However, study parameters and results have been highly varied.
Despite all the available tests and tools, there is still a lack of standardized objective measurement to determine the criteria for return to sport. 2 Because dynamic knee stability is multifactorial, it is relevant to examine how the different components mesh together. This can be attained by measuring kinematics during the performance of motion tasks. There is, however, a plethora of motion tasks with variations even within the same task reported in the literature. Inconsistencies in these study results make it difficult to judge which task is best suited for use in assessment. Therefore, the purpose of this study was to look at the different motion tasks and the protocols used to objectively quantify dynamic stability in terms of knee kinematics at different stages of ACLR recovery. The hypothesis was that dynamic stability results would very according to the motion task selected and that the selection of motion tasks influences rotational and translation kinematic outcomes in relation to patient characteristics, such as activity level and duration since surgery.
Methodology
A search was conducted on April 2015 in Google scholar and the Cochrane database to identify systematic reviews in the relevant topic. Keywords were modified after the initial search to narrow down the results. The systematic search was then carried out in June 2015 using OVID search engine in the following databases: Embase, Cochrane Central Register of Controlled Trials, Medline, PsychINFO, and AMED. The key words used to identify the target population were "ACL or anterior cruciate ligament" and "injury or reconstruction or deficiency." These were combined with an array of functional activities that were identified during the initial search: "hop or jump or walk or cut or pivot or run or jog or step or stairs or squat or balance or lunge or leg raise or knee extension or knee flexion." Another set of key terms, "stability or laxity or kinematics," were added to restrict the amount of returns within the relevant issue. Keywords used were truncated to ensure an exhaustive coverage of relevant studies. The reference list of relevant reviews and other articles were also assessed for eligibility.
The articles were assessed based on the inclusion criteria as follows: (1) subjects recruited had undergone ACL reconstruction, (2) outcome measures included at least 1 motion task, (3) tibiofemoral kinematic data were measured during the performance of the motion tasks, and (4) uninjured subjects or the contralateral uninjured limbs were included as a control group. Motion task was defined as an action that is both dynamic and active. As such, standing and static lunges were excluded from this review. The kinematic data involve rotation or translation along the 6 degrees of freedom.
The following exclusion criteria were used: (1) articles not written in English, (2) retrospective studies, review articles, comments, editorials, and letters, (3) animal studies, and (4) cadaveric studies. Two independent investigators first examined the title and abstract to exclude obviously irrelevant studies. The full text was then retrieved and read, and the eligibility determined according to the selection criteria for this review.
The Critical Appraisal Skills Program was used to evaluate risk for bias. The checklist consists of 11 items. Each item was given a grade of 1 if the study being assessed meets the item criterion and 0 if otherwise (Table 1) . Two independent investigators graded the methodological quality of the included studies, and the results of the first assessor were presented.
Results
The search returned 2,195 articles, of which 56 were finally included in this review (Fig 1) . A total of 1,086 ACLR subjects were included in this review. Activity level was extracted, although several studies were not able to provide information. Follow-up period after surgery ranged from 3 weeks to more than 7 years. Twelve studies recruited and measured subjects within 6 months after surgery. One study did not specify the follow-up period, and the rest were followed up more than 6 months after reconstruction. 20 The measurement devices used to measure the kinematic stability of the knee during motion tasks were video-radiography, 21 electrogoniometry, 5 and optoelectronic motion capture systems. 22 The parameters widely differed with regard to reflective marker placement, data capturing timeframe, recording frequency, model construction, and data analysis or calculation procedures. Movements recorded were based on the 6 degrees of freedom with 3 rotational movementsdflexion extension, abduction adduction, and axial rotationdand 3 translational movementsdanteroposterior (AP), mediolateral (ML), and superior-inferior translations.
Pivoting or Cutting Tasks
Aside from 1 study 23 that used standing pivot, all other experiments 13 were performed with a prior motion task immediately preceding the pivoting movement. Stair descent and landing activities were done in 11 studies (Table 2) . Walking was done in 1 study, 41 whereas 1 study 65 did not give details of the task. Most were performed with a 90 pivot, with 2 studies 52,53 using 45 and 1 study 23 using 60 . The other 2 studies 28, 65 did not specify the pivoting angle. All 14 studies that used pivoting as a motion task measured tibial rotation. Only 1 study 52 reported other kinematic variables, showing a significant difference in AP translation between ACLR and healthy knees but not on the other 6 degrees of freedom. Of the 12 studies that compared tibial rotation in the ACLR knee and healthy knee, 8 were able to detect a difference between the 2 groups. One study found a difference between ACLD and ACLR but not with the control group, and another found a difference only in the single bundle group but not the double bundle group. 41, 50 The remaining 2 studies reported a correlation between posterior cruciate ligament index and tibial rotation in the ACLR knee and a correlation between passive knee laxity and tibial rotation. 65, 74, 75 
Stair or Elevated Step Negotiation
Five of the included studies looked at stair negotiation. Kinematic measurement was taken on flexion extension, tibial rotation, and AP translation. Two studies were performed on flexion extension and showed different resultsdstair descent showed a difference between ACLR and the contralateral knee whereas stair ascent did not. 49, 59 The other studies were not able to show significant differences with the healthy knee. One study, however, was able to distinguish AP translation between ACLR knees and ACLD. Both experiments that were able to detect differences were performed with 40-or 46-cm platforms.
Landing
Nineteen articles used motion tasks that result in high-impact landing, such as the single leg hop, counter-movement jump, and drop landing from a platform. Unilateral landing was performed in 15 studies, and bilateral landing was done in 6 studies. Most 14 measured flexion extension. Abduction adduction, 5 tibial rotation, 6 AP, 3 and ML 2 translations were also recorded in some studies. Flexion extension differences between ACLR and healthy knees were observed in 11 studies, 1 of which only saw the difference at the 5th month follow-up but not on the 12th month. In abduction-adduction kinematic measures, only 1 study 31 of the 4 that tested it was able to discriminate ACLR knee from healthy knees. This was also the only study that used diagonal hop whereas the rest used either horizontal or vertical hop. One study 20 on frontal plane kinematics reported a difference between subjects who suffered a second ACL rupture after ACLR and those who did not, showing a predictive relationship between frontal plane kinematics and risk of reinjury. Tibial rotation was evaluated in 6 studies, with only half of those showing differences between ACLR and healthy knees. AP translation was measured in 3 studies, two 32, 55 of which detected a difference. Lastly, ML translation was seen in both studies that measured it. Only the landing task was able to elicit an observable change in ML translation when comparing the ACLR knee with healthy knees.
MOTION TASK SELECTION FOR ACLR

Walking
Twelve of seventeen studies measured flexion extension differences between ACLR knees and healthy knees. Of these, two 36, 47 were not able to detect difference, 1 study 40 saw changes in a training group for perturbation but not for strength training, 1 study 71 observed a difference only in the anteromedial portal group but not on the transtibial group, and 1 study 51 saw changes only on the ACLR subjects with weak musculature and not on those with strong musculature. Abduction adduction differences were measured in 4 studies. Two of 3 studies were unable to detect differences with the uninjured knee, and 1 article 29 observed differences in pre-and posttraining results. Five studies looked at tibial rotation. One study 36 was able to discern ACLR knee from preoperative ACLD, and one 71 saw a difference only on the transtibial ACLR group compared with controls and not on the anteromedial portal group. Sato et al. 65 tested the correlation between side-to-side AP laxity tests and tibial rotation during gait; no significant difference was observed however. Two other studies compared the ACLR knee with the contralateral knee and healthy subjects. Neither saw a difference when compared with the contralateral, but the study by Karimi et al. 47 was able to detect a difference with a healthy control group as opposed to the contralateral. AP translation was observed in 3 studies with varying results. Only 1 study 71 tested for ML translation in gait and was not able to detect a difference with the healthy control. Proximal-distal movement was measured in only 1 study with results showing a significant difference between ACLR knees and uninjured controls. 71 No other study measured proximal-distal movement with any other motion tasks.
Jog or Run
Jogging or running was employed in 5 studies. Three studies applied a 10 downward slope at a preselected 2.5 m/s speed. 22 ,44,69 Self-selected speed at level ground was done in 1 study, 51 and the remaining study did not provide details. 65 Over half of the studies performed the kinematic measurements within 6 months after surgery. None of the studies were able to detect differences between ACLR knees and uninjured knees in flexion extension (3 studies 22, 51, 69 ) and ML translation (2 studies 22, 69 ) . Differences between ACLR knees and uninjured contralateral knees were consistently seen in abduction adduction (2 studies 22, 69 ) and tibial rotation (3 studies 22, 44, 69 ). AP translation was the only motion that had contradicting results. In contrast with 1 study, 2 independent studies 22,69 from the same author did not see a significant difference between ACLR knees and uninjured knees.
Squatting and Active NoneWeight-Bearing Knee Extension
There were only 2 studies that looked at squatting. 64, 68 One study 64 measured only flexion extension and did not find a significant difference between the ALCR knees and the uninjured contralateral knees. The other study 68 observed AP translation and also was not able to detect a difference between the ACLR knee and the uninjured contralateral. Four studies did active knee extension. Scanlan et al. 66 observed a difference in active knee extension between ACLR and the contralateral knee. The 3 other studies saw a difference in AP translation when comparing the ACLR knee preand postsurgery but not when comparing it with the contralateral uninjured knee. The results in the squatting and knee extension are consistent with each other in measuring AP translation.
Discussion
The objective of this review was to examine the different motion tasks and protocols used to measure dynamic stability in terms of kinematics in ACLR knees. We confirm our hypothesis that motion task selection influences dynamic stability in terms of knee kinematics in relation to patient characteristics. In looking for a good motion task that would be able to assess ACLR joint stability, several factors are considered: (1) sensitivity of the kinematic analysis done with the motion task to detect impaired from the uninjured knee, (2) degree of standardization, (3) safety and ease of use, (4) implications to recovery, return to sport, and risk of reinjury. It is also important to consider the stage of recovery at which a specific motion task is best employed (Table 3) . Gait, squatting, and noneweightbearing knee extension are not sufficient for kinematic analysis of knee stability. Stair negotiation with at least a 40-cm-high step is appropriate in the earlier stage of ACLR recovery due to its safety and ease of application. Landing tasks are able to discern kinematic differences in more degrees of freedom and is therefore recommended to those who are able to perform it during the early stage. Jogging reveals consistent results and may be easier to standardize, but the task requires a larger space to perform. Lastly, pivoting tasks are effective in eliciting observable kinematic differences in the later stages of ACLR recovery, particularly 6 months after the surgery. Standardization of motion tasks is difficult as the interplay of several physiological and biomechanical factors introduces a high degree of variability. The same protocol may be performed differently by the same subject. Therefore, proper and consistent instructions must be provided by trained assessors.
Assessment of laxity and dynamic stability should be differentiated. 76 Joint integrity measured passively does not reflect kinematic activity during the performance of functional tasks. Furthermore, static laxity has been shown to have poor correlation with functional outcomes. 22 Laxity measures assess only the structural integrity surrounding the joint. It fails to take into consideration other factors associated with joint stability during active motion such as neuromuscular control, proprioceptive inputs, and psychological factors. Hence, we look at kinematics as a more holistic approach to the measurement of joint stability. This is, however, not without problems as knee kinematics may be task specific and may therefore be difficult to generalize. 22 Marker placements for optoelectronic motion capture used in the studies are varied. This lack of standardization may result in errors or differences in the study results since marker placement can affect accuracy. 77, 78 It has also been shown that despite its repeatability, this method may not accurately portray true joint kinematics as compared with radiographic techniques due to soft tissue movement and crosstalk. 77, 79 This is similar to measurements taken with goniometry with the additional problem of device slippage. 80 However, even with the error, these methods have been shown to be reliable when measuring sagittal plane kinematics. 80, 81 No discrepancy is immediately evident in the data gathered in this review when comparing results taken from each method, including the gold standard of fluoroscopy.
The only studies that saw kinematic differences in stair negotiation were performed using a platform at least 40 cm high. 45, 59 Stair negotiation may be a good candidate for assessment due to its ease of execution and safety for patients as early as 4 months after surgery if the step height is elevated to at least 40 cm. However, there is currently not enough evidence that the task is able to elicit enough tibial rotation or frontal plane rotation to be measured sensitively. Furthermore, the small number of studies and the variation in the kinematic movements observed make it difficult to recommend this task if other options are available.
Three of the studies that did not garner any significant kinematic differences in landing tasks may be explained by subject selection as they have the longest time period after surgery. 54, 57, 58 This also holds true in tibial rotation during landing tasks as the only studies that were able to detect a difference between ACLR knee and healthy knees are those that had a postsurgery time that is within 1 year. When comparing with uninjured knees, adduction abduction changes are seen only on diagonal hopping 31 because there is more lateral motion involved compared with vertical or horizontal jumping. Current available evidence suggests that landing tasks may be sufficient to discriminate ACLR from uninjured knees. Landing tasks mainly involve single leg hop for distance or height, jumping from a platform, and countermovement jump or hop. Aside from the diagonal hop, there is no clear advantage of one landing parameter over the other. Although unilateral landing was more frequently used, there is no clear advantage of unilateral landing compared with bilateral landing. It should be noted that these experiments excluded ACLR subjects who were unable to perform the landing task up to a defined standard, introducing bias to the studies. One of the main problems with landing tasks is the degree of variability in landing strategies. Tsai and Powers 82 have shown that instructing subjects to alter their landing mechanics by purposefully increasing hip and knee flexion during landing affects movement in the other planes. This implies that flexion extension measurement should be taken into consideration when measuring the other kinematic variables such as translation and abduction. Increased valgus during landing tasks has been linked to ACL reinjury to either limb after ACL reconstruction. 20 Although only 1 study measured this outcome, it shows the potential and importance of using kinematic measures of dynamic stability as a clinical assessment tool.
Pivoting or cutting tests are commonly performed immediately after stair descent or a landing task. This activity is more frequently studied compared with the previous 2 because it mimics the high-demand activity commonly seen in sports. The rotational Insufficient for assessment component in this task is also a common mechanism of ACL injury. 83 The studies that were unable to detect differences between ACLR knees and healthy knees in the pivoting tasks involved less demanding protocols compared with the other experiments. In 1 study, subjects were asked to pivot from a standing position as opposed to most studies where another motion task preceded the pivot. 23 The other 2 studies that did not see significant differences were performed within 6 months after reconstruction, whereas all other studies were performed at least 9 months after. This may explain the results since guarding, which leads to less joint motion or stiffness, is more likely to be present in the earlier stages of recovery.
Gait parameters used in the included studies were highly varied. Measurements were taken at different time points throughout the gait cycle. This makes generalization and comparison difficult. However, a trend toward a significant difference between ACLR knees and uninjured knees can be seen in flexion extension angles. Comparison group also vary with some using the contralateral knee and others recruiting healthy subjects. This may contribute to the differences in results as the contralateral uninjured knee may have undergone compensatory changes after an ACL injury. 34 This pattern is further observed in a study by Karimi et al. and may also be relevant in other motion tasks. 28, 47 Flexion angles may be affected by adaptation to a movement pattern due to a previous aversion to pain or anxiety and fear for reinjury.
On the other hand, jogging or running showed surprisingly low variability in flexion extension and is similar to uninjured subjects. This implies that compensatory strategies are not as evident compared with other motion tasks. Sagittal axis rotation and axial rotation are consistently different between ACLR knees and uninjured knees in downhill jogging. This task places less demand on the knees compared with pivoting and landing and may therefore be appropriate as an evaluation procedure as early as 5 months after surgery. Squatting and noneweight-bearing knee extension have not been extensively studied, and the current available literature shows no evidence that it is a suitable assessment method.
Limitations
Publication bias may be present because studies that have positive results are more likely to be published. Selection bias is also evident as discussed with the landing tasks. Data reporting is incomplete as many studies did not assess activity level, which may have revealed additional relevant information on synthesizing the results. In several studies, although the methods stated measuring the 6 degrees of freedom, not all were reported. It is not possible to tell if these other parameters were either not recorded or not reported for due to negative findings.
Conclusions
The appropriate selection of motion tasks is an integral factor in dynamic stability testing as it evokes different kinematic outcomes in relation to the different stages of ACLR recovery. Stair negotiation and landing tasks are best performed during the early stages of recovery, and landing and pivoting are recommended 6 months after ACLR surgery.
